Evidence for and against the possibility that the autoimmune disease of NZB mice has a viral aetiology is presented. It is considered that the case for a viral aetiology is unproven, although the possibility exists that virus may be present in incomplete form. Widely varying experimental results can be expected in experiments involving NZB mice until acceptable standards of mouse strain definition are laid down. Thus the comparison of results obtained from studies of NZB mice of diverse origin may invite misleading conclusions.
In a paper concerned with the genetic reliability of mouse strains, Festing (1974) wrote ' .. .it is clear that the identity of stocks supplied to research workers should not be accepted without question.
Nor should much reliance be placed on previously published work using named outbred albino stocks unless the genetic authenticity is satisfactorily established.
Scientists go to considerable lengths to ensure that their chemicals are pure and their glassware clean. They should pay equal attention to the purity of the animals that they use'. The widely disparate results published from investigations using NZB mice invite the conclusions that these strictures are applicable to those groups studying the NZB mouse strain.
Mice of the NZB strain develop an inheritable haemolytic anaemia of Coombs-positive, warm antibody type (Helyer & Howie, 1963) , and are probably a good model of human autoimmune haemolytic anaemia.
Animals of the strain develop a nephropathy which is variable in expression and unpredictable in progress.
For these reasons some workers (Howie & Helyer, 1968) consider that the strain has limited value as a model of human glomerulonephritis.
Other workers (Mellors & Huang, 1966) consider the strain to be an excellent model of the human disease. Hybrids of NZB mice with other pure-line mice sharing a common gene pool with the NZB strain develop a range of expressions of autoimmune phenomena with varying degrees of severity of both the haemolytic and the nephrotic syndromes (Howie & Helyer, 1965) . A considerable literature exists (see Howie & Simpson, 1974) of reports proposing a viral etiology for the NZB autoimmune diseases.
Most studies have been made on the renal disease which is probably an immune complex induced glomerulonephritis while the pathogenesis of the haemolytic anaemia has remained relatively unstudied.
Some workers reporting the presence of virus-like particles in the tissues of NZB (Prosser, 1968 ) and other strains of mice (Pollard, 1968) have urged caution in presuming the existence of a relationship between the particles and disease. An expert committee studying virus-associated immunopathology (WHO, 1972) concluded that' ... on the basis of present evidence it is still a matter of conjecture whether the virus contributes to the development of autoimmunity in NZB mice'. Because of an inability to demonstrate the presence of C-type particles in the tissues of NZB mice obtained from the Animal Breeding Station of the University of Otago, and because of reports in the literature of the possibility of viral contamination of NZB mice (Mellors, Aoki & Huebner, 1969; Pollard, 1968) as an important factor in experimental results, a study of the literature was made in an attempt to establish the viral status of the NZB mice which had been studied. This paper summarises evidence for and against the proposition that the autoimmune disease of NZB mice has a viral aetiology, with the aim of stimulating a reappraisal of the strain and drawing attention to the urgent necessity for the laying down of specific standards of animal health as a prerequisite for comparative intra-strain studies.
The basic requirements for such studies are similarity of bodyweight and average lifespan, and it is suggested that of the animals reported on in the various papers discussed here there is little evidence of attempts to show the similarity of basic data needed to obtain meaningful comparisons.
EVIDENCE FOR A VIRAL AETIOLOGY
The evidence for a viral aetiology of NZB mouse diseases may be discussed by considering generally the implications of the presence of C-type particles and then, more specifically, the effects of the presence of murine leukaemia and Gross leukaemia viruses in NZB mice. The possibility that virus might be the causative agent of the NZB kidney disease arose from a report (Mellors & Huang, 1966) of the occurrence of virus-like particles resembling those of the C-type particles of murine leukaemia virus, in both normal and pathological tissues of NZB mice. The virus-like particles were identified first in 'malignant lymphoma cells', not only in the primary tumour but also in the 1st and 7th tumour passage.
Similar particles were identified in kidney, thymus and spleen cells from ostensibly normal tissues of NZB mice carrying transplants of the 'malignant lymphoma'.
Virus-like particles were shown to be present in NZB mice with ages ranging from 6 weeks to 15 months. Furthermore, it was possible to show that NZB mice obtained from Australia and resident at Cornell for a short period carried similar particles, as did animals of the breeding nucleus obtained from Dr M. Bielschowsky in New Zealand.
There are numerous reports of the presence of C-type particles in NZB mice (see Howie & Simpson, ] 974), almost all referring to mice in America and Europe.
There also appears to be a relationship between the source of the animals studied and the occurrence of C-type particles.
Of 2 papers on the ultrastructure of mouse tissues, published sequentially in the same journal, one (Yumoto & Dmochowski, ] 967) was a light and electron microscopical study of tissues from NZB mice with 'lymphoid leukaemia'.
The following paper by the same authors, contained electron micrographs of tissues of SJLjJ mice. Similar C-type particles were shown to be present in both strains of mice, and it is possibly of some significance that all the animals were from the sam'e animal farm. As far as the NZB mice are concerned, of greater significance was the report that the animal farm provided ' ... ] 0 leukaemic and 6 non-leukaemic mice', as it had been reported earlier (Bielschowsky & Bielschowsky, 1962) that the NZB strain ' ... were known to have a low incidence of spontaneous tumours of the lymphatic system', and that even after 6-7 months treatment with 2-aminot1uorene only 20 % of the treated mice developed lymphoid neoplasms.
The presence of many C-type particles was recorded in NZB mice obtained from the U.K. Laboratory Animals Centre at Carshalton, and maintained at Mill Hill in the laboratories of the Imperial Cancer Research Fund (East & Prosser, ] 967). It may be significant that the average survival time of NZB mice in this colony is much lower than that of the Dunedin colony (Howie & Helyer, 1968 ). Similar C-type particles were found in the tissues of germfree NZB mice (East, Prosser, Holborow & Jacquet, 1967) . These workers concluded that more positive evidence was needed to show .... that the association of virus particles in NZB mice was any more than fortuitous'.
In a later study Prosser (1968) having considered the report of Mellors & Huang (1966) , noted that 'It seems unlikely that the particles which occur so frequently in the tissues of the NZB mice and which morphologically resemble other murine leukaemia viruses, exist purely as passengers, but this possibility must be considered'.
In a study of the leukaemogenic sarcoma viruses, some 30 strains of mice had been examined and none found free of the virus (Huebner, 1968) . But it has also been reported (Schaap & de Groot, 1973) that 'Neonatal infection with highly purified C particles from milk of NZB mice had no influence on the occurrence of autoimmune phenomena in BALBjc, NZC and NZB mice'. Therefore it would seem possible, as has already been considered (Mellors, 1968, Discussion p. 258; Mellors, Aoki & Huebner, 1969, p. ] 058) that an explanation of the differences in the disease patterns of his NZB mice lies in the field of contaminating viruses. Support for this suggestion comes from an earlier report (Mellors & Huang, ] 967) of serological evidence of contamination with polyoma, GD VII and, to a lesser extent, with K and Sendai viruses.
From morphological criteria alone it is not possible to identify the viruses represented by C-type particles. Nowinski, Old, Boyse, Harven & Geering (1968) reported an investigation into the occurrence of mammary tumour virus (MTV) and murine leukaemia virus (MuL V) in a number of mice strains including the NZB strain, which had been obtained from the Sloan-Kettering Institute mouse colony.
After investigating the spectrum of host-virus interactions with the methods available at the time, these workers were able to distinguish 4 patterns of infection: lifelong overt infection; infections commonly overt in later life; infections not apparent in normal mice but frequently evident in primary tumours or leukaemias; infections usually not detectable even in primary tumours, but sometimes revealed by culturing tissues 'in vitro' or by serial transplantation of tumours.
The results of this investigation showed that no samples of NZB mouse milk were positive for MTV but all were positive for MuLV-sl antigen.
The presence of this antigen was also demonstrated in NZB kidney and spleen tissue. Because of the positive results of tests for MuLV-sI antigen, NZB mouse tissues were also tested by cytotoxic antiserum absorption for the presence of Gross leukaemia virus antigen.
Lymphoid tissues from I-month-old NZB mice gave equivocal results, but similar tissues from 5-month-old mice were positive.
When spleen, liver and kidney tissues were tested it was found that all samples were positive over the age range 3-]2 months.
Young mice of this series were Coombs negative and the older mice were Coombs positive.
As a result of this investigation NZBjBI mice were classified as a Gross (G) positive strain.
However, when the leukaemogenic activity of Gross leukaemia virus was assayed by the inoculation of newborn WjFu rats with spleen cells of the strains under test, neither NZBjBI or C3Hfj Bi cells were capable of inducing leukaemia up to 275 days after inoculation. To explain this unexpected result it was suggested that it represented an interaction between the genotypically determined (H-2 locus) host response, and viral variation, as ' ... amongst the groups of viruses that share the MuLV-sl antigen (Gross, Friend, Moloney and Rauscher viruses) variation is revealed by differences in (I) the form of disease produced; (2) type specific antigen;
(3) degree of leukaemogenic activity'.
It was concluded that' ... most if not all mice are infected by virus giving the type-specific reaction for Gross leukaemia virus demonstrated with cytotoxic antisera and the group-specific precipitation for Murine Leukaemia Virus -SI', but 'It is an open question whether this virus is etiologically related to the autoimmune disease of NZB mice'.
It has been claimed (Mellors, Shirai, Aoki, Huebner & Krawczyski, 1971) that the glomerulonephritis of NZB and NZB X NZW F 1 hybrid mice' .. .is related at least in part to the formation of natural antibody against antigen of the G system, and apparently to the deposition in the glomeruli of immune complexes of G natural antibody with G soluble antigen (GSA) specified by wild-type G leukaemia virus'. The production of G natural antibody was considered (Mellors, Aoki & Huebner, 1969) as evidence that NZB mice were unable to develop lasting tolerance to G antigen, a conclusion in agreement with a reported general inability of NZB mice to become tolerant to, and remain tolerant to, certain antigens (Staples & Talal, 1969) . But it has been reported recently (Nowinski & Kaehler, 1974) that by means of a radioimmune precipitation assay it has been shown that almost all inbred strains of mice produce antibodies against the virus-associated antigens of MuLV and that the antigens are mainly IgG. In a report on the IgG specificities in eluates from kidneys of NZB, NZW and NZB X NZW F 1 hybrid mice (Dixon, Oldstone & Tonietti, 1971) it was concluded that 'These experiments indicate that nephritogenicity is not a peculiar property of Gross infection in New Zealand mice and suggest a more general nephritogenic role of some viral infections in these mice'. A more recent paper from the same laboratory (Croker, del Vilano, Jensen, Lerner & Dixon, 1974) reported that the injection of Scripps Leukaemia Virus into BALBjc X NZB F 1 hybrid mice induced 'immunologic disease' and lymphoma, but did not induce consistent Coombs test positivity.
The purified virus which was' ... obtained from a NZB thymoblastoid line, induced ANA, glomerulonephritis and thymoblastic lymphoma when injected into newborn BALBjc X NZB F 1 hybrid mice'. It was further considered that 'Our failure to induce a significant amount of Coombs positivity suggests either the ANA-glomerulonephritis syndrome has an etiology quite different from the Coombs antibody haemolytic anaemia, or that the BALB/c X NZB mice are particularly resistant to the formation of anti-RBC antibodies'.
This conclusion contrasts sharply with the reported result of infecting neonatal BALB/c, NZB and NAC mice with purified C-type particles from NZB milk (Schaap & de Groot, 1973) . Such infection had no influence on either ANF production or autoimmune phenomena. It would seem possible that the Scripps Leukaemia Virus is another part of the spectrum of the 'host response, virus-variation' interactions of MuLV which Nowinski and his colleagues considered a problem in studies of the murine leukaemogenic viruses.
In a study of what could be yet another part of the MuLV spectrum a description has been published (Levy & Pincus, 1970) of the biological activity ofaxenotropic murine leukaemia virus of NZB mice. Following a cocultivation technique it was possible to rescue a ' ... pseudotype sarcoma virus ... presumably carrying the NZB mouse leukaemia viral coat'.
A more recent paper (Levy, 1973) reported that 'The results show that this NZB type virus is endogenous in other strains of mice and is xenotropic, that is, it grows only in cells foreign to the host'.
It has now been shown that the xenotropic virus is either identical with or similar to BALB-Virus 2 as ' ... high titres of neutralising antibodies against BALB-Virus 2 and NZB MuLV were present in NZB and BALBjc sera but not in NIH sera' . The relationship of the presence of xenotropic virus to an understanding of the aetiology of NZB mouse autoimmune disease remains obscure.
The presence of C-type particles indicative of murine leukaemia virus in NZB mice appears to have gained general acceptance as a normal attribute of the strain, although it has been clearly stated by Nowinski and his coworkers that MuLV infection may range from a nondetectable level to lifelong overt infections.
Possibly as a result of this general acceptance NZB mice carrying C-type particles have been used for a variety of experimental purposes. Yumoto & Dmochowski (1967) studied '10 leukaemic and 6 non-leukaemic NZB mice' obtained from the Texas Inbred Mice Company. Denman, Russell & Denman (1969) obtained NZB mice from the U.K. Laboratory Animals Centre and noted in passing that EM studies in their laboratory had shown the presence of many C-type particles in such mice. Teague et of. (1970) obtained mice from the NZB mouse colony of the Cornell Medical Center, presumably the same colony in which Mellors & Huang (1966) had shown the presence of C-type particles, and in which there was evidence of as many as 4 other viral antibodies (Mellors & Huang, 1967) .
The possibility remains that there are colonies of NZB mice carrying MuLV in accordance with the 4th type of infection distinguished by Nowinski and his associates, i.e. as non-detectable infections.
There may also be NZB colonies without MuLV infection.. Therefore it is extremely questionable whether or not results from experiments using NZB mice carrying C-type particles and possibly antibodies to other viruses have general relevance to the aetiology of the autoimmune disease or to the provision of information about the abnormality or otherwise of the NZB immune response.
EVIDENCE AGAINST A VIRAL AETIOLOGY
Results of investigations and observations which might be considered as evidence against the proposal that NZB mouse autoimmune disease has a viral aetiology, may be subdivided for ease of discussion into the following broad categories; electron microscope (EM) studies; thymic transfer experiments; breeding experiments; molecular hybridisation studies.
Electron microscope studies
The earliest reported EM study of NZB mouse tissue (Abbot & Burnet, 1964) Although the bulk of the report concerned the thymus of a single mouse, the findings were confirmed in other NZB mice: the presence of viral particles was not mentioned.
No virus particles were observed in the kidneys of NZB X NZW F 1 hybrid mice (Channing, Kasuga, Horowitz, Dubois & Demopoulos, 1965) (Manaligod, Pirani, Miyasato & Pollak, 1967) . Electron micrographs of kidney tissue with magnifications up to 17 700 X were published, but there is no record of the presence of C-type particles.
A similar study of the NZB/Bl kidney has been reported (Thomson, 1966; Thomson, Mukherjee & Wynn Williams, 1967) using NZB mice bred and housed in the University of Otago Medical School.
C-type particles were not observed. Mice from the same source were used by Middleton (Howie & Helyer, 1968, p. 257) in an unsuccessful attempt to activate virus in cultures of different NZB tissues. EM studies of cultures failed to disclose C-type particles.
As the presence of C-type particles in the tissues of NZB mice was reported first in 1966 by Mellors & Huang, it would be reasonable to assume that investigators carrying out ultrastructural studies on similar tissues subsequent to that time would be on the alert to identify such particles. Comerford, Cohen & Desai (1968) carried out an EM study on the glomerulus in 24 NZB mice obtained from the University of Otago and maintained in the Boston University Medical Center for up to 12 months prior to examination.
The tissues examined came from mice aged 3-52 weeks, and although no C-type particles were found in the glomeruli another report (Comerford, 1968 ) showed that C-type particles were found in other parts of the kidney of all but the youngest mice. In an EM study of the development of the glomerular lesions of the NZB X NZW F 1 hybrid mouse renal disease McGiven & Lynraven (1968) examined tissues from 12 male and 12 female mice kept at Monash University, Melbourne, Australia.
Micrographs with magnifications up to 33500 X were published but the presence of C-type particles was not reported. A comparative study of the early changes in the glomeruli of NZB X NZW F 1hybrid, CBA and C57Bl pureline and HI outbred mice was made by Russell, Abbot, Hicks & Muirden (1969) on mice from the Walter & Eliza Hall Institute Animal Department.
Kidney tissues were examined at least up to 23000 X magnification but no C-type particles were recorded. During 1972-73 EM studies were carried out on the lymph nodes and spleens of aged (600 plus days) NZB, NZB X NZC F 1 and NZB X NZCW F 1 hybrid mice obtained from the University of Otago Animal Breeding Station and kept in the University of Otago Medical School.
Despite prolonged searching no viruslike particles were found (L. O. Simpson, unpublished observations).
A recent EM examination of the pancreas of 3 old NZB mice also failed to reveal any C-type particles.
Thymic transfer experiments
When neonatal thymus grafts were made into neonatally thymectomised CBAjH-T aT a mice from NZB X NZW F 1 hybrid mice (Howie & Helyer, 1966) the recipients developed renal disease with all the features of the NZB X NZW F 1 lupus nephritis.
In order to examine the possibility that the renal disease had been induced by virus transferred with the thymus during the grafting procedure, 20 of the mice bearing thymic grafts and with evidence of renal disease were mated.
The progeny were permitted to live out their lifespans and were monitored regularly for evidence of renal disease and the presence of serum antibodies.
In the absence of evidence of renal disease or autoimmunity it was concluded that there was no evidence of transmission of virus at the time of grafting (J. B. Howie & L. O. Simpson, unpublished observations).
Breeding experiments
Despite the fact that the NZB X NZW F 1 hybrid female mouse develops an acute, fatal renal disorder, when such mice are repeatedly brother-sister mated, there is a considerable extension of the lifespan of both sexes. Although animals inbred in this manner for more than 15 generations continue to develop' the renal disease characteristic of the F 1 hybrid, there is a change in the disease pattern in the female, with the loss of the acute nephropathy and a doubling of the survival time associated with a chronic form of the renal disorder (L. O. Simpson & J. B. Howie, unpublished observations).
M o/ecu/ar hybridisation studies
This technique allows the detection of virus genetic material by searching for nucleic acid sequences which are homologous with a radio-labelled RNA or DNA probe produced from a type-C virus. It has been shown by this method that the presence of virus genetic information may be demonstrated in a wide range of murine cell types. Thus virus-specific DNA sequences covalently linked to cellular DNA may occur in cells shown to be either positive or negative for murine leukaemia virus. Lowy, Chattopadhyay, Teich, Rowe & Levine (1974) have shown by this technique that high-or low-virus-yielding mouse strains carry the complete AKR murine leukaemia virus genome. The virus-specific DNA sequences recorded were categorised as being either 'more abundant' or 'less abundant'.
Low-virus-yielding strains differed from highvirus-yielding strains by having fewer of the 'less abundant' DNA sequences.
Wild mice and NZBjN mice, both of which are non-virus-yielding, were shown to lack completely the 'less abundant' virus-specific DNA sequences. This would seem to provide substantial evidence that not all NZB colonies carry C-type virus.
The fact that wild mice were non-virus-yielders raises the wider issue of to what extent contamination in inbred mouse breeding units is implicated in the widespread occurrence of murine leukaemia virus in inbred mice. For example, a lifespan study of tumour incidence in trapped wild mice kept into old age, recorded 28 neoplasms in 293 mice, 9,5 % (Gardner, Henderson, Rongey, Estes & Huebner, ] 973), but in a similar study in which the wild mice were bred in captivity the necropsy tumour incidence was 43,5 % (Andervont & Dunn, 1962) .
DISCUSSION
The foregoing does not purport to be an exhaustive account of reports dealing with the viral status of NZB mice. But on the basis of the material presented it can be argued that the case for viral involvement in the aetiology of NZB mouse autoimmune disease is not proven.
Nor does the evidence permit the conclusions that the presence of C-type particles is a constant feature of the NZB strain.
The presence of C-type particles in the tissue of NZB mice of some colonies has yet to be demonstrated.
A number of reports record failure to observe C-type particles in mice recently imported from Australia or New Zealand, although the presence of the particles could be demonstrated later. This could be due either to local contamination or to a local stimulus activating a hitherto latent virus.
In all, 4 types of MuLV infection with differing degrees of severity have been demonstrated.
Such infections may range from 'lifelong overt' to 'usually not detectable', and it follows that the absence of C-type particles does not mean the absence of murine leukaemia virus. It has been shown (Stephenson, Greenberger & Aaronson, 1974) that it is possible to activate C-type virus chemically and to recover infective virus from all mice inoculated with such virus, and on this basis it is claimed that 'RNA C-type viruses are known to exist in an unexpressed form in all mouse cells'. It is a measure of the variability of viral reactivity that less than 25 % of the mice infected with chemically activated C-type virus developed leukaemia.
Molecular hybridisation studies have provided a genetical basis for these anomalies.
Because of the interactions due to viral variation and variation in host response, the viruses represented by morphologically similar C-type particles can be expected to have varying effects on the expression of autoimmune disease in contaminated NZB mice. There appear to be marked differences in the biology of NZB mice carrying C-type particles from that of NZB mice lacking demonstrable viral particles. Therefore if the latter group do carry 'undetectable infections' then the hidden virus does not appear to be involved in the autoimmune disease.
At least in some cases virus-infected NZB mice appear to have been supplied by reputable animal suppliers, which is suggestive of contaminated breeding stock. Thus Yumoto & Dmochowski (1967) were supplied with ' ... 10 leukaemic and 6 non-leukaemic NZB mice', and Mellors et al. (1971) used animals from the same source.
Large numbers of C-type particles have been reported Helder, 1969; Denman, Russell & Denman, 1969) in NZB mice obtained from the U.K. Laboratory Animals Centre. The Scripps Institute NZB mouse colony was established from a nucleus supplied by the Laboratory Animals Centre, and although there is no report of C-type particles in Scripps Institute NZB mice, a virus recovered from an NZB cell line established there, has been designated the Scripps Leukaemia Virus.
A recent review of the autoimmune disease of NZB mice (Howie & Simpson, 1974) listed some 250 publications reporting investigations into many aspects of the strain and its hybrids.
It is obvious from the record that because of the differing responses to viral infections, possibly both resident and intercurrent, the homogeneous population of NZB mice needed for the valid comparison of experimental results does not seem to exist on a worldwide basis. Thus a 'virus-induced variability factor' has been introduced, affecting comparability of results to an unknown extent: reproducibility might be influenced to a greater extent by similarity of viral infection than by the effects of experimental procedures. This situation will continue until standards are adopted which will permit at least partial specification of NZB mice as being suitable for experimental study. Basic data such as average survival-which provides a crude measure of animal health-and average bodyweight-which reflects the influence of local regimen and environment-must be shown to fall within limits of acceptable variation.
There can be little doubt that the use of animals with widely varying baseline data is a source, if not the major source, of conflicting reports in the literature.
Despite any omissions and imperfections, the only existing comprehensive report on the physical biology of the NZB mouse in which C-type particles have yet to be demonstrated is that of Howie & Helyer (1968) . At least as an interi m measure these data should be adopted as the baseline data for the strain, with the minimum requirements for acceptance being similarity of average lifespan and bodyweight, and the absence of demonstrable C-type particles.
Until some acceptable standards of animal health are adopted, studies of the autoimmune disease of NZB mice will continue to be analogous to studies of the variation on a theme represented by the NZB genome, orchestrated by a resident virus and conducted by an intercurrent and possibly local virus.
